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Abstract noise reduction insilan aircraft cabir. Such systems
generally require many acousticontrol sources to
The adive awmustc and structural nois ontrol  obtan dobal cancellation since the local acoustic
characteristics of a double wall cylinder with andcontrol field has inherently different modal properties
without ring stiffeners were numerically evaluatedin ~ than the primary field, which is driven by the distributed
exterior monopole was assumed to acoustically excitstructural response of the calin.
the outside of the double wall cylinder at an acoustic
cavity resonance frequencystructural modal vibration Alternative methods have been studied for actively
properties of the inner dnouter shells wex analyzed reducing aircrdf interior noig® & low frequencies.
by post-processing the results from a énidlement Appreciable sound attenuation was achieved across
analysis A boundary element approach was used tadouble wall structures by placing acoastoontrol
calculate tk aoustc cavity respons and the moupled  sources in the space between the walls (loudspeakers
structural-acoustic interactionin the frequency region between the fuselagand trim panel, for examplé).In
of interest, below 500 Hz, all structural resonant modesther work, active structural acousticontrol was
were found to be acoustically slow and the nonresonaribvestigated where force inputs were applirectly to
modal response ot be dominant Active sound the primary aircraft structure, thus eliminating the need
transmission control was achielvdyy control forces to place acoustic control sources iretledin. Such
applied to the inner or outer shell, or acaustintrol  control forces might be produteby piezoelectric
monopoles placed just outside the inner or outer shelpatches bonded to the structure. This approach has the
A least mean square technique was used to minimize ttpotentid to produce a global interior noise reduction
interior soun pressures tathe nodes of a data recovery with a limited number of control actuatdrs.
mesh Resuls $iowed that singl aoustc oontrol  Additional reductions in the number of control actuators
monopoles placed just outside the inner or outer shellmay ke adieved by grouping the actuators to reduce
resulted in better sound transmission cdntt@mn six  control spillover into the structufd. Amplitude and
distributed pant forces applied to either one of the phase of tB ontrol forces can be optimized to
shells. Adding stiffeners to the double wall structuremaximize the noise reductién.
constrained the modal vibrations of the shells, making
the double wall stiffer with associated higher modalln recent studies, éhadive structural acousti control
frequencies. Active nags mntrol obtained for the characteristics of a double wall cylinder with and
stiffened dauble wall configurations was less than for without ring stiffeners were evaluated numerically using
the unstiffened cylinder In all cases, # aoustic finite dement/boundary elemertechnique$®'® An
control monopoles controlled the sound transmissiomxterior monopole was assumed to acoustically excite
into the interior better than the structural control forces.the outside of the double wall cylinder at an acoustic
cavity resonance frequencystructural modal vibration
properties of the inner dnouter shells wer analyzed
Introduction by post-processing the results from a &nilement
analysis A boundary element approach was used to
The development of active noise control technology hasalculate te aoustc cavity respons and the mupled
progressed to th ommercialization of systems using structural-acoustic interactionlt was found that ring
interior distributions of loudspeakers to achieve overalktiffeners couple the modal vibrations of the inner and
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outer shells, constrain their motions and tshifeir  not to scale). Previously, »sinormal point control
modal frequencie¥. For low-order modes the location forces wee aplied to the inner shell #=0, +31.5,
of the ring stiffeners and the mode shapes of the doubl&90 aml 180 degrees in th center cres ®ction to
wall cylinder determined in-phase or out-of-phaseenable efficient control of the dominant interior acoustic
motion of the individual shells Out-of-phase shell responsestathe frequency studied. For the arrent
motion made the double wall cylinder considerablyinvestigation, six acousti control monopoles were
stiffer, with associated higher modal frequencies. Inplaced & the sare aimuth angles between the inner
phase motion of the shells caused a less pronounceahd outer shells at 0.809 m radius inetlcenter cross
increase in the modal frequency or even lowered thegection to study their effectiveness in controlling the
frequencies of the shell dominant modal resonancesound transmission intoehylinder cavity Single and
The etent of the shift of the modal frequencies multiple control forces applied to the inner or outer
determined how much sound was transmitted into theylinder shell wee evaluated and compared to acoustic
cavity and how much the interior saupressure field control monopoles betweenetlylinder shells and at a
could be reduced by actively controlling the vibration ofradius of 0.867 m, just 0.029 m outside the outer shell
the inner shell This control was achiedeby six  surface Several other configurations were studied to
optimized complex control forces, applied normal to thecompae adive aoustc and structural control of the
surface of the inner cylinderThis gudy' is extended sound transmission into the double cylinder.
here by numerically investigatingehadive wntrol of
the sound transmission into ethgylinder cavity by  Sourd pressures were numerically calculated at
acoustt control monopoles betweenetyylinder shells  recovery gril pants of horizontal, vertical and cross-
at the sam azmuth location as the previously used sectional meshes in a quarter model of thoustic
structural control forces The adive cntrol of sound cavity. The horizontal and vertical acoustic meshes
transmission is investigated for different structural forcecontan gids of 36 by 14 elements and 14 by 36
or acoustic monopel mntrol arrangements in the elements, respectivelyEach cr@s ®ction at x/L=0.1,
unstiffened and stiffee dauble wall cylinder 0.27, 0.5, 0.73 ah0.9 has 640 gd pdnts distributed
configurations. over eight evenly spaced concentdrcles. Full model
results are presented for vertical and horizontal meshes
and cres ®ctional meshes at x/L=0.1, x/L=0.5 and
Structural and Acoustic Models x/L=0.73 (Figure 1).

Two concente ¢ylindrical shells of length L=3.66 m

are damped at both ends by rigid end cap§he Computational Procedures

aluminum outer shell has a radius of 0.838 m and a

thickness of 1.7 mm The composite inner shell has a A normal mode analysis up to 500 Hz was performed in

radius of 0.780 m, is 7.6am thick and has a Young's Msc/NASTRAN™ to obtain the structural modal
modulus of 16.9*1%Pa. parameters of the unstiffened and stiffened double wall

o i ) cylinder configurations. The modal data was analyzed
A cylindrical coordinate system (), was chosen with T )
in the post-processor PATRAN to oltain the mode

the origin in tle ceter of o end cap and the x o . .
shapes, longitudinal and circumferential mode numbers

direction along th center line of the concentric o o . f the shell vibrationsA
cylinders. Considering the symmetry of the problem,f'Jl phase information of the shell vibrationsAn

only one quarter of the dowblylinder needsd be  ndirect boundary element method with ~coupled
modeled Clampel baundary conditions wer assumed fluid/structurd interaction was used inéhmommercial
at the end cap locations The structural finit dement ~ software package SYSNOISE to  numerically
modéd is depicted in Figure 1The mesh representing calculate te aoustic pressurestdhe nodal points of
each quarter shell consists of 20 QUAD4 elements ifthe interia recovery mesh Viscous damping 1% of
the longitudinal direction ah40 QUAD4 elements in  critical was applied to the structural modes of the inner
the drcumferential direction. Optional ring stiffeners and outer cylinders. The primary field of interior sound
with clamped edg mnditions connect the two shells at pressures due to excitation byetlexterior monopole
L/6 and/or L/3 from oa end cap They consist of source of unit strength was determined first, after which
QUADA4 elements with aluminum material properties  the ontrol field for the unit control fae a 6=0
degrees was calculatedrhe interior acoustic pressure
The primary interior acoustic field was genedatly a  fields for the other control forces were obtainky
monopole source of unit strength loch®168 m from  rotating the response field to matcte taimuth angles
the outer shell at x/L=0.5 ar@:0 degrees (Figure 1, at which tfe wntrol forces weg gplied The same




procedure was exercised tdetermine the interior number of antinodes in e¢hadial direction. Even axial
acoustic pressure fields due to each of the monopolmodes will not kb ecited due to symmetry
control sources. considerations.

A least mean square (LMS) algorithimwas used to Double Cylinder Excitation

obtain the real and imaginary parts ok tklomplex

control force or acousti control monopole that Monopole Source - The interior acoustic response was
minimized thke aoustic pressure inside ghg/linder.  evaluated for a monopole oscillating the 213.8 Hz
The pressure for the primary and control fields wagesonance frequency of the (2,0) acaustvity mode
evaluated at eighty circumference recoveryl grints  (Figure 2) The mechanism of the sound transmission
(r=0.7 m) in the thee aoustic mesh cross-sections at through tle c¢/linder walls depends on the type of
x/L=0.1, 0.5 ad 0.73. The oontrol parameters were excitation and its frequency in relation toetlautoff,
obtainel by minimizing the sum of the squared ring and coincidence frequencies ofe thylinder!?
pressures tathese 240 pressure response points. Th8elow the aoustc cutoff frequency only plane wave
cost functiol approximates the total energy in the sound may be propagated insidee thylinder, since
acoustic field. The controlled interior acoustic field is aacoustt coss modes will decay exponentially with
linear superposition of the primary and control fields.distance down the longitudinal axis (evanescent waves).
The control monopoles do nhimterfere with each other The cutoff frequency.f is given by the equation

or with the source monopmlas only thei responses at
the nodal points of the interior recovery field are used in feo=1.84 &/(21T)
the superposition routineThe ast function reduction

represents the decrease in aceusthergy when i, 4 (340 mys). Acoustic coincidence occurs when the
exercising optimized control of the primary acoustic;, \,o- bending wave speed equal® thoustic wave

field and is used in this study to gauge the effectivenesg,eeq  The critical frequency is the lowest frequency at
of the adive sound transmission conkranto the which coincidence occurs

where r is the shell radius anglis the speg of sound

cylinder.
fe=co’l(2mKe)
Unstiffened Double Wall Cylinder where k=hN12 is the radius of gyration, h is the
thickness, &V[E{p(14?)}] is the longitudinal wave
Acoustic Modal Frequencies speed anql is Poisson’s ratio Above tte mincidence

frequency the resonant modeg amustically fast and

Acoustic modes were calculated for a hardl waterior ~ radiate sound over the total surface area with a radiation
cavity of the inner cylinder shellA zero radial mode efficiency close to unity Acoustically slow resonant
was assumed The drcumferential and longitudinal modes, below # wincidence frequency, couple to the
modes were determined from the post-processedCOUStiC interior only by inefficient wall modes and the
acoustic modal datand are shown in Figure 2 as a radiation efficiency get snaller with decreasing
function of the frequency. Mode numbers n denote th&equency In this regim non-resonant mass-controlled
circumferential cosine order and mode number nshell motion is the dominant mechanism for the
indicates the number of nodes iretlxial direction. radiation of sound into the interior At the ring
Only cross-sectional codfh resonances for ¢heven  frequency % the longitudinal wavelength equals the
axial modes are plottedThe odd axial modes will not circumference of the cylinder
be excited due to the symmetry of theoblem. fa=c/(21T)
Structural Modal Frequencies wher G=V(Elp) is the bar wave speed, E is the

. ) Young's modulus ang is the density Below the ring
The inner ad outer s_hells of the double.wall cyl_lnder frequency the motion around ethdrcumference is
are damped &the rigid end caps and, withbthe ring  constraind by the etensional stiffness around the
stiffeners, are not structurally connectedTheir in-  cjrcymference (curvaterdfect). At frequencies well
vacuo modes of vibration were numerically calcultfted above the ring frequency the motion o tiylinder
in MSC/NASTRAN™ and are summarized in Figure 3. shdl is much like the flexural behavior of a flat plate.
Mode numbers are shown for modal frequencies belowhe autoff, ring and critical coincidence frequencies
400 Hz. Mode number n refers to half the number ofvere calculated from the geometrical and material shell
nodes along the circumference and k denotes theroperties and are listed in Table The (2,0) acoustic




modal frequency (213.8 Hz) is aboveethutoff = Control Forces and Control Monopoles - The sound
frequency, below the ring frequency and well below theransmitted into the doubl g/linder is actively
critical frequency Acoustically fast modes only exist controlled by either one or more point forces or acoustic
when their structural wavenumbegg are smaller than monopoles The mechanism of the sound transmission
the aoustic trace wavenumbert athe resonance is dependent on the excitation frequency as discussed in

frequencies of those modes the previos <ction but als on the nature of the
5 2 2 2 excitation. A structural point force or an airborne sound
k™2 k" = ko™ + ki field exciie astructure differently? The soud power

wherek, k,=n/2r andk=kmi_ are the acoustic, shell axial transmittel by a fluctuating structural fee onsists of
and shell circumferential wavenumbers, respectively. 1€ ntributions of a near-field component and a
the frequency region of interest, below 500 Hz, all'€verberant componentThe near-fied part radiates
structural resonant modessaaoustically slow and the acoustic power from the location where the point force
non-resonant modal response is dominant. is applied since the shell velocity in the vicinity of the
driving point has no counterpart for volume velocity
The normalizé pressure distribution on the interior c@ncellation.  The reverberant field rads@teound

field recovery mesh resulting from the excitation by thethrough corner, edg and strip modes The fotal
monopok & 213.8 Hz is depicted in Figure 4The radiation is the sum of the forced radiation in the near-

pressure distribution is normalized with respte the ﬁeld plus '_[he fr_ee modal response from the reverberant
excitation by an acoustic monopole of unit strengthfi€ld- Mainly higher order modes resonant around the
The interio response is mostly through the (2,0)driving force frequency ar ecited  For this
acoustic mode, as evidenced by the pressure distributidRvestigation the inner shell was excited by a point force
in the qoss-sectional (center) and horizontal meshed the center cras ®ction (configuration F1) and the
(Figures B and 5b). For this figue and subsequent horizontal plane §=0). Modes having a participation
figures the source or controller is always located in thdactor greater than 5% are listed in Table 2. Mostly the
center below ta @oss-sectional or horizontal mesh. higher-order, third axlainner shell modes around the
The (2,0) acoustic med muples well with the off- €Xxcitation frequency are forceab tpa_rt|C|pate The
resonance forced response of the (2,1) outer shell modgiructural modes couple withetaoustic modes in the
0(2,1), which resonates at 154.9 Hz (Figure 3}  Interior. The normallged acoustic pressure response for
43.5% participation factor (PF), which is the ratio of thethe center cross-sectional and horizontal meshes are
modal displacement amplitude relative to the totadepicted in Figure 7. The pressure distribution is
structural response, was calculated for the outer O(2,f)°rmalized with respect to the excitation by a unit force
shell mode (Table 2) The O(7,5) outer shell mode NPUt In addition to the (2,0) acoustic mod@.thoss—
participates for 5.9% in the total structural responsé€ctional mesh shows contributions of the higher-order
while the 1(5,3) inner shell medontributes for 5%. circumferential structura! modes. Applying the_ point
Only the modes with a participation factor dflaast force to the outer shiein the center cres ®ction

5% are listed in Table 2. The inner and outer shells argonfiguration F2) and the horizontal plane induces
only couplel by the amustic medium in t@ anular hlgher—_order outer shell modes around the 213.8.Hz
space between the shell¥or most angles of sound €xcitation frequency —These modes and  their
incidence the dimension of thipace, along the path of Participation factors are listed in Table Mainly the
the incoming sound, is much smaller than the 1.59 n2,0) acoustic mode is excited in the F2 configuration,
acoustic wavelength at 213.8 Hz and the inner and outéut is not shown here.

shells are forced to move together The sound

transmission into t g/linder increases with increasing Excitation by an acoustic monopole located in the
angle of sound incidence from the normalAxial center cross-section between the innet anter shells
acoustic modes of the fourth order are fdram the (configuration M1) ab=0 forces the participation of the
source side of the double cylinder where they match theame O(2,1) and 1(5,3) modes as for excitation by the
sourd pattern over th exterior of the sidewall coming €xternal source monopole However, insted of
directly from the acoustic source monopole (Figure 5Sh)creating an external pressure distribution over the outer
The (0,4), (1,4) and (2,4) modes are resonant at 187ghell, it forces ound drectly through the inner shell
Hz, 227.5 B and 2843 Hz, respectively, and are into the aoustic interior The aoustic response from
susceptible to be excited (Figure 2). The interior sounthe (2,0) mode is almost symmetric (Figure 8), as its
pressure in the vertical recovery mesh is, of coursgyvavelength (1.59 m) almost matches the diagonal
symmetrical abaduthe longitudinal axis and shows a interior dimension of b aoustc cavity (1.56) This
mixture of lower order axial acoustic modes (Figure 6). was na the cae for excitation by # exterior source



monopole (Figure 5) For configuration M2, wheraan  The st function reduction achiestdy the monopole
acoustic monopole is located in the center cross-sectidncated just outside the outer shell snvagnificantly
just outside (r=0.867 m) the outer shelbaD degrees, higher than th @st function reduction obtaideby the
the O(2,1) is again the highest contributing modemonopole between the two cylinder shells 829B
(PF=21.2%) The major structural modes participating versus @9 dB in Table 3) Sound from tk exterior
(PF>5%) are listed in Table. 2The interior acoustic source ad control monopoles radiated into the interior
response, which is not plotted here, is very similar to there modifiel by the transmission loss characteristics of
pressure distribution indudeby the exterior source both the inner ah outer shells when radiated into the
monopole but with higher interior pressure amplitudes. interior. Sound from the control monopole between the
two shells reaching éhg/linder cavity will ke dfected
Cost Function Reductions by mainly the inner shell The interior soud pressure
fields due to th exterior souce and control monopoles
Cost function reductions wercdculated for several will be mor dike ad resit in better sound
configurations where the sound transmission from théransmission control A single aoustc oontrol
external source monopole was actively reduced by poirmonopole just outside the inner or outer shells resulted
forces on the inner or outer shell (F1 and F2) oin a higher cost function reduction than obtained
acoustic monopoles just outside the inner or outer shelirough the structural nasmntrol by six point forces
(M1 and M2). Table 3 lists the cost function reductions(Table 3).
for the four configurations The ntrollers are located
in the same horizontal plans the external source The six acoustic control monopoles distributed between
monopole. The transmission loss characteristics of botthe inner ad outer shells ithe sare aimuth angles
the inner ad outer shells modify the sound generatedwhere previously th ontrol forces wes gplied
by the exterior source monopole before it reaches theachieved a 3.6 dB higher cost function reduction than a
interior. Sound generated by the point control force orsingle @ntrol monopole Placing six distributed
the outer shieis alterél by the outer shell structural acoustt control monopoles along the outside perimeter
vibration and the inner she transmission loss of the outer shell resulted in a74dB higher cost
characteristics when it arrives inethglinder cavity.  function reduction than was obtained for a single
However, a point force on the inner shell directlycontrol monopole. Applying point control forces to the
radiates sound into the interior and is not affected by theuter shell or having exterior acousttontrollers is
structural vibration properties of the outer shellhe  often impractical, impossible or not permitted,
cost function reduction by the point control force on theespecially in aircraft Thes wnfigurations are not
outer shell was 6.70 dB compared to the 2.24 dB for théurther reportel on in this paper Active cntrol by a
control exercised by the point force on the inner shell. single point force or acoustic monopole was
investigated for each of the previously used azimuth
The wst function reduction of 24 dB for one point angles Figure 5a shows the second circumferential
force controller on the inner shell was increased to 6.3@coustic mode due to excitation byethexternal
dB (Table 3) by applying six point fog ontrollers at monopole source The aoss-sectional pressure
angles6=0, £31.5,+90 aml 180 dkgrees on the inner distribution shows local maxiana 6=0, 6=+90 and
shell The lack of contributions in the interior acoustic 8=180 degrees. Applying actev wntrollers at each of
response from the outer shell vibration was thughese radialocations provides approximately the same
compensated for by using six point forces indted  cost function reductions buthe aoustic monopole
one. The normalized interior pressure distribution whercontrollers perfan more than 4 dB better than the point
excited by the source monopole but contralléy the  control forces (Table 4) The st function reductions
six point forces on the inner shes depicted in Figure are significantly lower when thes ontrollers are
9. The sound transmission control by six point forces aapplied at +315 degrees, where sodn pressure
the same azimuth locations on the outer shell resulted immplitudes @& a a local minimum (Figure 5a) Cost
a mst function reduction of 82 dB (Table 3). Thisis function reductions for two controllers #=0 and
only 022 B more than ta st function reduction 9=180 degrees and four controllerdad, +90 and 180
achievel by a single point control force. The interior degrees wer dso computed and are listed in Table 4.
acoustic pressure distribution is thus not muchThe aoustc oontrol monopoles outperform the

improved by using the six point fae ontrollers  structural control point forces in actively controlling the
instead of one to reduce the sound transmission into th&yund transmission into the interior.

interior.




Stiffened Double Wall Cylinder Configurations contribute substantially to the total double wall
vibration. The O(2,1) mas ouples to tb aoustic
Structural Modal Frequencies (2,0) mode which can be seen in Figure 11, where the
interior pressure distributiont dhe nodes of the field
When the inner ah outer shells are joirte by ring  recovery mesh is depictedrhe second circumferential
stiffeners the previously independent shell modescoustic mode is preseim the aoss €ction closeisto
become coupled. Some of the modal vibration respongene of tle endcaps This mode is dominant only in the
dominar in one shell will be present in the other shellpart of tke caity between tk endcaps and the
and vice versa. Coupled modes with a dominant modatiffeners Between the stiffeners, the shell vibrations
response of the inner or the outer cylinder are referredeem to couple to ¢haoustic (1,4) mode which is
to as the inner or outer shell dominant modesresonant at 227.5 HzThe center cres ®ction of the
respectively Modal frequencies and mode numbers ofinterior pressure distribution in Figure 12a shows a
the inner ad outer shell dominant modes for the first-order circumferential mode. The horizontal plane
configurations featuring ring stiffeners at distances L/6n that figure shows thahe distance between the two
or/and L/3 from tk endcaps (configuration RX, XS, prominent nodialines is close to L/4, suggesting a
and RS, respectively) are presented in Figures 10a, 10burth-order axial acoustic modeThe pressure levels
ard 10c. Adding stiffeners to the double wall structure are normalized to the monopole excitation.
generally constrains the modal vibrations of the shells,
making the double wall stiffer with associated higherControl Forces and Control Monopoles - Mostly higher-
modal frequencieslIt was found in Reference 10 that, order third axihinner shell modes were excited when a
for the lower-order modes (up to the fifth control point force was applied to the inner shell of the
circumferential mode), thi dift in frequency is unstiffened cylinder (configuration F1 in Table 2). The
considerably higher when the innerdaouter shells addition of ring stiffeners, however, shifted the third
move out of phase than when they move togetiidére  axid inner shell dominant modes to well above the
phase of the shell motions was found to be the same faxcitation frequency of 213.8 Hz (Figure 10a). The RX
all dominan lower-order inner shell modes and stiffened dauble g/linder is now responding through
opposite in phase for all domirtatower-order outer higher-order first axial modes when excited by the point
shell modes? Configuration RX, having stiffeners at force (Table 5) The normalized interior pressure field
L/6 from the end caps, was found to have in-phaseresponses sown in Figure 12b for # center cross
motion of the outer and inner shells causing only asection and the horizontal planeThe @ntrol point
modest shif in modal frequency for the lower-order force eccitation is applied to the bottom center of both
modes. The O(2,1) modal frequency shifted from 154.9he aoss ®ction and the horizontal planeThe first
Hz for the unstiffene dauble o/linder (Figure 3) to  axial mode is clearly distinguishable, but not the higher-
172.8 Hz for the RX configuration (Figure 10aJhe  order circumferential modesThe sound transmission
doubk o/linder configurations with stiffeners at L/3 mainly takes place between the two ring stiffeners at the
from the end caps have out-of-phase shell motion of theide of the doulel g/linder where the point force is
lower-order O(2,1) mode, causing a significanttsimf located Low sourd pressure levels argparet in the
frequency ® 4819 Hz for the XS configuration and to regions close to the endcaps.
484.3 Hz for configuration RSThese shifts in modal
frequencies are importario determine the structural The aoustc control monopole between the inner and
modal participation in the sound transmission procesouter shelb grongly excites th aoustic (2,0) mode
The lowest modal frequencies in Figures 10a, 10b an(Figure 12c) through the O(2,1) and 1(2,1) structural
10c ae for in-phase shell motion of the lower-order modes (Table 5) The stiffeners in the RX

inner or outer shell modes. configuration restric the structural vibration of the
coupled inner ah outer shells, resulting in lower
Excitation of the RX Stiffened Double Cylinder maximum normalizé pressures (R.=16.0 in Figure

12c compared top,=40.0 in Figure 8).
Monopole Source - Modes participating for more than
5% in the shell vibration of the stiffededouble  Excitation of the XS and RS Stiffened Double Cylinders
cylinder are listed in Table.5 The RX outer shell
dominant O(2,1) mode has a PF of 22.2% at 172.8 HZhe interior acoustic response tce tkcitation of XS
when excited by the exterior source monopole, which i@and RS stiffen@ dauble o/linders & smilar, differing
about half the 43.5 % participation factor for the mostly in the details of the pressure distribution and the
unstiffened cylinder at 154.9 Hz (Table.2)The response/excitation ratiogOnly the aoustc excitation
0(10,5) and 0O(6,3) outer shell dominant modes alseesponses of the RS configuration are presented here.




Monopole Source Excitation - Both the XS and RSsimilar over a small portion of the interior acoustic
stiffened dauble o/linders showed the forced interior space, resulting in a cost function reduction of 2.24 dB.
acoustic response on the side where d¢flinder was The source monopel and the point control force
directly exposed to the acoustic source monopole. Thiexciting the RX stiffened cylinder did not hava
is depicted in Figure 13a for the RS configuration. Thestructural mode in common with a participation factor
source monopole was located irethenter below the higher than 5% (Table 5) The interior acoustic
cross-sectional and horizontal illustrations of the doublgressure distributions in Figuresal2nd 12b do not
cylinder. The first four modes patrticipating in the shellcorrespond very well and ¢hoost function reduction
vibrations of the RS cylinder are first-order axianer  obtained by the single point control force was only 0.16
ard outer shell dominant modes (Table. 5)This is dB (Table 6) The a®ustic source monopeland the
consistent with tb even pressure distribution in the point control force in the XS and RS configurations did
horizontal plane opposite the side of the sourcenot excite the same structural neodither, but both
excitation The amustic (2,0) mode was exaitebut  invoked some first-order atianner shell dominant
showel only in the region close to ¢hendcaps, similar modes (Table 5) Their acoustic interior pressure
to the response for the RX cylinder in Figure 11. distributions (Figures 18 ad 13 seemed to
correspond somewhat better ore t&citation side of
Control Forces and Control Monopoles - The structurathe oylinder interior, resulting in a slightly higher cost
response to #haontrol point force on the inner dhés  function reduction (Table 6).
mostly through the higher-order first alianer shell
dominant modes (Table 5)The aoustic response to Both the soure axd the cntrol monopoles excited the
the higher circumferential structural modes is visible inO(2,1) and the I(5,3) structural modes of the unstiffened
the adoss-sectional pressure distribution of Figure 13bdoubke o/linder (Table 1) The high participation
The amustic response through the (2,0) mode is alsdactors and the well matching acoustic interior pressure
apparent from th aoss-sectional and axial sound distributions (Figures 5 @n8) resulted in a ®9 B
pressure distributions in Figure 13btSourd pressure  cost function reductianSource and control excitations
levels in the regions close to the endcaps are low. of the RX stiffened configuratio have the O(2,1) and
0(6,3) structural modes in common (Table 5Jhe
The interior pressure distribution due te t&citation  0O(4,3) is tle cmmonly excited mode in the XS
by the control acoustic monopole between the inner andonfiguration while the O(4,1) structural mode is
outer shells is depicted in Figure 13@he maximum excited by both the source monomolaxd control
normalizel pressure ratio is considerably down monopole in the RS configuration However, their
(Pmax=3-2) compared to the excitation of the unstiffenedparticipation factors @& mnsiderably less than the
(Pmax=40.0) and RX stiffened (p,=16.0) double wall participation factors of # common structural modes
cylinders. Unattenuated excitation oetbylinder only  for the unstiffened cylinde(Tables 2 ad 5. The RX
takes place between the innermost ring stiffeners whicnd RS acoustic responses to the c@und control
are only L/3 apart. Some of the same higher-order firstnonopoé excitation agree more (Figuresd2nd 12X,
axial modes as excileby the cntrol point foce ae  13a and 13c) than the interior pressure distributions due
participating However tle aoustc excitation also to the source monop®land the point control forces
induces outer shell dominant modes (Table She  (Figures 12 and 12 13a and 13h. The oontrol
higher-order structural circumferential medéow in  monopole excitation is restricted to a smaller area of the
the center cross-sectional acoustic response in Figurdoubk g/linder due to the ring stiffeners é@roes not

13c. match the interior acoustic response field as well as for
the unstiffend dauble ¢o/linder case  Similar
Cost Function Reductions observations explain thahe st function reductions

for the XS configuration are lower than for the

In Table 6 tle st function reductions of the stiffened unstiffened double cylinder case. For all configurations
(RX, XS and RS) and the unstiffened (XX) double wall(Table 6) higher cost function reductions were obtained
cylinder configurations & compared for excitation by for the six control monopoles than for the six point
one (F1) or six (F6) point control forces or one (M1) orcontrol forces. For the XS and RS stiffened double wall
six (M6) acoustt control monopoles For the cylinders, the superposition of eéhaoustic response
unstiffenel dauble wall cylinder configuration the fields from the six point control forces is less effective
source monopel and the cntrol force both excited the in controlling the sound transmission than the
1(5,3) mode (Table 2) and their cross-sectional anduperposition of the interior pressure distributions from
axial pressure distributions (Figures 5 and 7) were the six acoustic control monopoles (Table 6).



Conclusions

The double wall cylinder was exateby a source
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calculated @ occur above the interior cavity cutoff
frequency, below the ring frequency and well below the
acoustt aitical frequency In the frequency region of
interest, below 500 Hz, all structural resonant modes’
were found to be acoustically slow and the nonresonant
modal response was dominant. eThoustic pressures 2.
at 240 evenly spaced azimuth locations were
numerically calculated in tee coss ®ctions of the
acoustic recovery mesh Active sound transmission 3,
control was achiewkby applying control forces to the
inner or outer shell or by placing acoustiontrol
monopoles just outside the inner or outer shell. A leas}
mean square technique was used to minimize the
interior sound The awmustic monopoles force the
structure over an area and excite modes that couple best
with the aoustic interior The point control force
excites the structara a poirt inducing mostly higher-
order structural modes arouncetkxcitation frequency.

The interior pressure distribution due tce tioontrol
monopole matched the interior acoustic response forced
by the source monopole better than the point contro}.
force. Resuls dowed that singl aoustc oontrol
monopoles just outside the inner or outer shells resulted
in higher cost function reductions than control by six
point forces The ecitation of the a®ustic source -
monopole induced a second-order circumferential
modal pattern with souhpressue anplitudes having a
local maximum aB=0, 6=+90 and6=180 cegrees An
acoustt ocontrol monopole placed at one of theseg
azimuth& locations produced a dB higher cost
function reduction than obtaideby using a point
control force  The st function reduction is
significantly lower when these controllers are applied at,
+315 degrees, where sodnpressue amplitudes are
close to a local minimum Adding stiffeners to the
double wall structure generally constrains the modal
vibrations of the shells, making the double wall stiffer
with associated higher modal frequenci&@ome of the
modes ll then mo longer participate in the sound
transmission process and affethe @st function
reductions Lower cost function reductions were
obtained for the stiffened than for the unstiffened
double wall configurations The awoustc oontrol 11
monopoles outperformed the structural control forces
for all cases in actively controlling the sound
transmission into the interior. 12.

10.
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Table 1. Double wall cylinder material and acoustic properties

a h p E vl feo fr fe
m  [ml kg  [Pa]  [] [HZ [HZ]  [HZ]
Outer Shell 0.838 0.0017 2700 71”10 0.33 119 974 6983
Inner Shell 0.780 0.0075 394.4 16.9°10 0.25 128 1336 12718

Table 2. Mode participation for different excitation configurations

Excitation Location Participating Participation Frequency
(6=0) Mode Factor (PF)  [Hz]
Monopole Source External 0(2,1) 43.5 154.9
(Configuration Source) O(7,5) 5.9 229.0
1(5,3) 5.0 2443
Point Force On the Inner Shell 1(5,3) 21.1 244.3
(Configuration F1) 1(6,3) 15.8 224.3
1(7,3) 14.7 240.6
0(5,3) 8.0 177.5
1(8,1) 7.0 249.8
Point Force On the Outer Shell 0(15,7) 14.4 212.6
(Configuration F2) 0(17,5) 9.3 219.8
0(11,7) 5.8 219.9
0O(7,5) 5.6 229.0
Acoustic Monopole  Between Inner and Outer Shells 0(2,1) 23.0 154.9
(Configuration M1) 1(5,3) 8.2 244.3
0(11,7) 5.0 219.9
Acoustic Monopole  Slightly Outside the Outer Shell 0(2,1) 21.2 154.9
(Configuration M2) 0(11,7) 10.6 219.9
0O(7,5) 8.4 229.0

Table 3. Cost function reductions [dB] for control configurations F1, F2, M1 and M2

Table 4. Cost function reduction [dB] for control configurations F1 and M1 at several azimuthal locations

Configuration

One Controller

Six Controllers

F1 2.24
F2 6.70
M1 6.99
M2 29.3

6.39
6.92
10.6
34.0

Radial Location 6=0 6=31.5 6=90 6=180 6=0, 180 6=0,+90, 180
[degrees]

Configuration F1 2.24 0.37 2.29 2.32 4.60 4.78
Configuration M1 6.99 0.80 6.73 6.44 8.38 9.95




Table 5. Mode patrticipation in the stiffened double cylinder configurations

Configuration RX XS RS
Mode PF Freq Mode PF Freq Mode PF  Freq
[%]  [HZ] [%]  [HZ] [%]  [HZ]
Source 0(2,1) 222 1728 (2,1) 159 1751 (4,1) 116 166.4
0(10,5) 193 219.0 0O(4,3) 104 2686 1(3,1) 9.4 1394
0(6,3) 6.8 2378 14,1 8.8 159.9 0@4,1) 8.1 2343
1(4,3) 59 3146 0O(5,1) 74 163.1
1(3,1) 5.8 133.9 0(14,55) 54 2201
0(5,1) 5.0 158.7 0O(13,5) 5.0 2189
F1 1(8,1) 16.7 254.1 (7,1) 51.7 2330 I(7,1) 395 2384
1(7,1) 148 196.3 1(6,1) 8.6 2093 I(6,1) 164 2133
1(6,1) 6.4 151.0 O(7,1) 5.0 202.0 1(5,1) 7.4  206.0
1(8,1) 5.9 28238
M1 1(2,1) 10.3 263.6 I(7,1) 244 233.0 1(7,1) 16.4 2384
0(2,1) 8.8 172.8 0(4,1) 7.7 2250 0O@4,1) 124 2343
0(6,3) 85 2378 (6,1 5.8  209.3 1(6,1) 9.7 2133
1(3,1) 5.3 157.0 0(4,3) 5.7 268.6 1(5,1) 8.3 206.0
0(17,3) 5.3 215.8 0O(3,1) 5.2 319.2 0O(3,1) 7.7 3241
Table 6. Cost function reductions [dB] of the 4001 o ="
unstiffened and stiffened double wall cylinders 200 _O/Tiﬁ,/v - e
Frequency, m=4 ,,*//// e
Configuration XX RX XS RS M2 aore — Mo
m=2__o—— 213.8 Hz
F1 (One Control) 2.24 0.16 093 1.74 wote— ™
M1 (One Control)  6.99 338 115 291 . 1 1 1 .
F1 (Six Controls) 6.39 486 292 287 °%s 1 2 3 4
M1 (Six Controls)  10.6 5.17 6.25 8.71 Mode Number n
Figure 2 Acoustic circumferential (n) and axial (m)
mode numbers for the interior double cylinder cavity
Structural Double
Cylindrical Mesh
Ei:tsv:::?:s; {Q“a"e' Model) --—-Inner shellmodes ~ —— Outer shell modes
and Outer Shells mk=1 Ok=3 k=5 O k=7 ak=9 Ak=11
400 -
Control
Forces 300 F
Frequency,
Hz 200t
100
[§) Y S

10

Acoustic Horizontal
Mode Number n

and Vertical Meshes Acoustic Cross

Sectional Meshes
Figure 3. Structural circumferential (n) and axial (k)
mode numbers for the unstiffahedauble wall

Figure 1. Structural and acoustic meshes of the
cylinder configuration

double wall cylinder
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Figure 6 Normalized vertical pressure distribution
inside the double cylinder excited by an acoustic source
monopole at 213.8 Hz

Figure 4 Normalized interior pressure distribution on
the field recovery mesh for acoustic source monopol
excitation at 213.8 Hz

i
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Figure 7 Normalized cross-sectional and horizontal
interior pressure distribution due to control point force
excitation (Configuration F1)

®
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a) Center cross-sectional mesh

Figure 8 Normalized cross-sectional and horizontal
interior pressure distributions due to acousintrol
monopole excitation (Configuration M1)

@
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b) Horizontal mesh
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Figure 5 Normalized pressure distribution inside the
doubke o/linder excitel by the aoustic source Figure 9. Normalized interior pressure distribution
monopole at 213.8 Hz actively controlled by six point forces
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---- Inner shell dominant modes
—— Outer shell dominant modes
mk=1 pDk=3 k5 O k=7 ak=9 Ak=11

400~
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Frequency,
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200k onopole excitatioms12.0)
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Mode Number n

a) Stiffeners at L/6 from the end caps (RX)
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0 ° Mode,\ﬁmbem * 20 ¢) Acoustic control monopole excitation mgFE16.0)
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400 Figure 12. Normalized cross-sectional and horizontal
- interior pressure distributions (RX)
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c) Stiffeners at L/6 and L/3 from the end caps (RS)
. . . ) onopole excitationm4g8.0)
Figure 10. Structural circumferential (n) and axial (k)

mode numbers for three stiffened configurations
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Figure 11. Normalized interior pressure distribution  Figure 13. Normalized cross-sectional and horizontal
for acoustic source monopole excitation (RX) interior pressure distributions (RS)

12



